A role for cystatin C (CysC)
INTRODUCTION
Senile plaques, neurofibrillary tangles, and neuronal loss are neuropathological hallmarks of Alzheimer's disease (AD). Senile plaques comprise an extracellular core of aggregated, fibrillar amyloid-β (Aβ) accompanied by microglial cells, astrocytes, and dystrophic neuronal processes. Although Aβ is the major constituent of amyloid deposits in brain parenchyma and in vascular walls, minor components were identified, such as P-component [1] , apolipoprotein E (ApoE) [2] , apolipoprotein J [3, 4] , proteoglycans [5] , lysosomal proteinases [6] [7] [8] , and the proteinases inhibitors, α1-antichymotrypsin, α1-antitrypsin [9] , and α 2 -macroglobulin [10] . Cystatin C (CysC), a cysteine protease inhibitor that is present in all tissues and body fluids examined [11] , has also been reported to co-localize with Aβ in parenchymal and vascular amyloid deposits [12] [13] [14] [15] .
Multiple studies have shown the genetic linkage of the CysC gene (CST3) with late-onset AD (for review [16] ). A synergistic risk association between the CST3 polymorphism and APOE ε4 alleles has been reported [17, 18] . Furthermore, in vitro studies have shown that CysC binds to Aβ (Aβ and Aβ ) and inhibits fibril formation and oligomerization of Aβ in a concentration-dependent manner [19, 20] . Recent observations further confirmed such inhibitory effects in vivo in Aβ-depositing transgenic amyloid-β protein precursor (AβPP) mice overexpressing human CysC. A reduction in Aβ load was observed in the AβPP/CysC double transgenic mice compared to single AβPP transgenic mice [21, 22] . Moreover, analysis of human cerebrospinal fluid (CSF) proteins by protein-chip array technology revealed that the combination of five polypeptides, including CysC, two β-2 microglobulin isoforms, a 4.8 kDa VGF polypeptide, and an unknown 7.7 kDa polypeptide could be used for the diagnosis of AD and perhaps the assessment of its severity and progression [23] . Elevated CysC levels were reported in plasma of AD patients compared to healthy donors [24] . These data suggest that CysC, combined with other protein markers, could be a potentially useful CSF/plasma biomarker for the diagnosis of neurological disorders, including AD [23, 24] .
We have been studying the association of CysC with Aβ in the human central nervous system (CNS) and now report that human CysC binds to Aβ in brain homogenates of both neuropathologically normal controls and AD patients by immunoprecipitation followed by Western blot analysis. This binding is also present in CSF of both AD patients and age-matched non-demented controls, suggesting binding of CysC to a soluble form of Aβ. Strikingly, a band immunoreactive to antibodies to both CysC and Aβ is present in the SDS-extracted membranous fraction of brain homogenates and not in the soluble fraction. This band was found in brains of neuropathologically normal controls, but not in brains of AD patients ranging from early to severe stages of the disease.
MATERIAL AND METHODS

Samples
Postmortem brain tissues from 9 elderly individuals, ranging in age from 50 to 94 years, were examined and diagnosed with neuropathological evidence of various stages of AD according to the guidelines of CERAD [25, 26] . We also studied 10 control cases, which were evaluated using the same criteria and found to be normal by neuropathological inspection. Frozen AD and control tissues were obtained from the Harvard Brain Tissue Resource Center at McLean Hospital (Belmont, MA) and Mount Sinai Medical Center (New York, NY). Premortem CSF samples (2 defined AD and 5 age-matched non-demented controls) were obtained via lumbar puncture at "Carlo Besta", National Neurological Institute, Milan, Italy (Table 1) .
Brain homogenization
Frozen brain tissue was homogenized in 1:10 weight:volume ratio of ice-cold tissue homogenization buffer (THB) (250 mM sucrose, 20 mM Tris pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 11 μM leupeptin, 7 μM antipain HCl, and 7 μM pepstatin A; all Sigma) [27] . Protein concentration was determined by using Pierce Protein Assay Kit based on the method of Bradford (Pierce, USA).
SDS-extraction of brain homogenates
Brain homogenates in THB buffer were centrifuged at 10,000 × g, 4°C, for 1 hour, providing supernatant (Sup) Sup 1. The resulting pellets were further homogenized in 2% SDS and centrifuged at 10,000 × g, 4°C, for 1 hour, providing Sup 2. The pellet was dissolved in SDSsample buffer (Invitrogen, LDS buffer), providing Sup 3. The resulting supernatants were used for either Western blotting or immunoprecipitation (see below).
Immunoprecipitation
Monoclonal anti-Aβ antibody 6E10 (Signet) or anti-CysC antibody (Cyst24; Hytest, Finland) coated beads were prepared according to manufacturer's instructions (Dianyl Biotech, Invitrogen). In brief, 10 μl of suspended rat anti-mouse IgG1 Dynabeads were used per sample. Beads were washed with PBS/0.1% BSA, resuspended with 1.5 μg of anti-Aβ antibody 6E10, and incubated overnight at 4°C with rotation. Coated beads were washed, resuspended with 250 μg brain homogenates in PBS and incubated at 4°C for 2 hours. Washed beads were suspended in sample buffer and the resulting pull-down proteins were applied to 4-12% BisTris gel (Invitrogen) and electro-transferred to nitrocellulose membranes. For immunoprecipitation with anti-CysC antibody (Hytest, Finland), 30 μl of suspended rat antimouse IgG1 Dynabeads, 4.5 μg of anti-CysC antibody, and 1 mg brain homogenates were used. A similar immunoprecipitation protocol was carried out in SDS-soluble fraction of brain homogenates, using anti-CysC antibody (R&D Systems, MAB1196) and sheep anti-mouse IgG Dynabeads.
Western blot analysis
Transfer nitrocellulose membranes were incubated with 5% nonfat dry milk TBS buffer for 1 hour at room temperature,followed by incubation with primary antibody overnight at 4°C and secondary antibody for 1 hour. Blots were developed with ECL Super Signal (Pierce). Primary antibodies used are polyclonal anti-CysC antibody (Upstate cell signaling solutions, NY) or monoclonal anti-Aβ antibody, 6E10 (Signet).
RESULTS
CysC binds to soluble Aβ in human brain and CSF
To investigate whether the association between CysC and Aβ observed in vitro [19] and in mouse models [21, 22] occurs in vivo in human CNS, homogenates of human brain tissues obtained from the cortex (Bergman area 8 or 10) of AD patients (n = 3, Table 1 ) and neuropathologically normal controls (n = 3, Table 1 ) were used. Western blot analysis with anti-CysC antibody of proteins immunoprecipitated with anti-Aβ antibody revealed binding of human CysC to Aβ in brain homogenates of both AD patients and non-demented controls (Fig. 1A) . The converse protocol, in which immunoprecipitation experiments were carried out using anti-CysC antibody followed by Western blotting with anti-Aβ antibody revealed binding of human CysC to Aβ in brain homogenates of AD patients but not non-demented controls (Fig. 1B) . Western blot analysis with anti-CysC antibody of proteins immunoprecipitated with anti-CysC antibody revealed precipitation of similar levels of CysC from brain homogenates of both AD patients and neuropathologically normal controls (data not shown). However, Western blot with anti-Aβ antibody of proteins immunoprecipitated with anti-Aβ antibody showed detectable Aβ only in AD brains (Fig. 1C) . Demonstration of binding between the two proteins is likely to be limited by the immunoprecipitating capability of the precipitating antibody, the sensitivity of the blotting antibody, and the amount of the proteins in the sample. The concentration of Aβ in the brain of individuals without amyloid deposition is much lower than that of CysC and is not detectable by the anti-Aβ antibody. The data show binding between CysC and Aβ in brain homogenates and the binding in brain tissues that lack amyloid plaques deposition indicates that human CysC binds to a soluble form of Aβ.
Human CSF samples of AD patients and age-matched non-demented controls (Table 1) were immunoprecipitated using anti-Aβ antibody, and Western blotted with anti-CysC antibody ( Fig  1D) . The binding between human CysC and Aβ in human CSF further supports the interaction of the proteins in their soluble forms. The specificity of the binding between human CysC and Aβ was demonstrated by control experiments, which included replacement of the immunoprecipitating antibody with normal mouse serum (data not shown) or omitting either primary antibody or brain homogenate (Fig. 1A, C) . Neither CysC nor Aβ was observed in these control experiments. Occasionally, a small amount of Aβ bound directly to the beads, but the amount was negligible relative to the amount of protein that bound to the precipitating antibodies, revealing that neither CysC nor Aβ bind the precipitating beads or immunoprecipitate by normal mouse serum.
A SDS-stable band immunoreactive with antibodies to CysC and to Aβ is exclusively present in neuropathologically normal controls
Brain homogenates of AD patients at different stages of the disease (early, moderate, and severe), and neuropathologically normal controls were separated by 4-12% Bis-tris gel electrophoresis and Western blotted with anti-CysC antibody to reveal that all samples contained the monomeric 14 kDa CysC ( Fig. 2A ). Western blot with anti-Aβ antibody revealed a band of 4 kDa monomeric Aβ in all AD samples, but not controls (Fig. 2B ). An additional band of approximately 20 kDa was present in all controls (n = 10, Table 1 ), but not in moderate or severe AD cases (n = 5, Table 1 ) following Western blotting with either anti-CysC ( Fig.  2A) or anti-Aβ (Fig. 2B) antibodies. The difference in staining intensity of the band by the two antibodies supports the suggestion that the anti-Aβ antibody is a less sensitive blotting antibody compared with the anti-CysC antibody.
The detection of a band of the same molecular weight (~20 kDa) by both antibodies suggests that this band contains a complex of CysC with Aβ. The ~20 kDa CysC and Aβ immunoreactive species were detected in brain homogenates of non-affected individuals (controls) but not in brain homogenates of AD patients and was already absent at the earliest stage of the disease in patients with mild cognitive impairment (CDR 0.0-0.5) (Fig. 2A) . However, a faint antiCysC-reactive band of about 20 kDa was occasionally observed in early AD brain homogenates.
Sequential centrifugation of brain homogenates was used to identify the fraction that contains the ~20 kDa band. Western blot analysis with anti-CysC antibody of the soluble or insoluble fractions of brain homogenates revealed the presence of the 14 kDa monomeric CysC in all fractions. Following centrifugation of the homogenates at 10,000 × g for an hour, the supernatant (Sup 1 in Fig. 3 ) was removed and the pellets were solubilized in 2% SDS, and then centrifuged again to remove insoluble material (Sup 3 in Fig. 3 ) from the SDS-soluble material (Sup 2 in Fig. 3 ). The band of ~20 kDa was found only in the SDS-soluble fractions of precipitated material (Sup 2 in Fig. 3 ) from non-demented control individuals and not from AD patients. The size of the ~20 kDa band is distinct from the 28 kDa dimer formed by high concentration of CysC, as demonstrated for human urinary CysC (Fig. 3) .
The presence of the SDS-stable ~20 kDa band in the SDS-soluble protein fractions (Sup 2) from brain homogenate of control individuals was confirmed by Western blot analysis with anti-CysC antibody of proteins immunoprecipitated with anti-CysC (Fig. 4) . That this band represents a complex between CysC and Aβ was confirmed by Western blot analysis with antiCysC antibody of proteins precipitated by anti-Aβ antibodies (Fig. 4) . A band of approximately 20 kDa was apparent in only the SDS-soluble fraction from controls, not in that from AD patients (Fig. 4) .
DISCUSSION
Immunohistochemical studies revealed that CysC co-localizes with Aβ predominantly in amyloid-laden vascular walls and in senile plaque cores of amyloid in brains of patients with AD, Down's syndrome, hereditary cerebral hemorrhage with amyloidosis, Dutch type, and cerebral infarction [12] [13] [14] [15] 28] , and in non-demented aged individuals [15] . CysC also colocalizes with Aβ deposits in the brain of aged rhesus and squirrel monkeys [29] as well as dogs [30] . In vitro observations have demonstrated a specific, concentration dependent, high affinity binding between CysC and Aβ [19] . Based on these findings it was suggested that the presence of CysC within amyloid plaques is a residue of its association with soluble Aβ.
Co-localization of CysC with Aβ deposits was also found in brains of transgenic mice overexpressing human AβPP [15, 31] . We have recently shown binding between CysC and Aβ in brains and plasma of CysC overexpressing transgenic mice [21, 22] . Crossbreeding AβPP transgenic mice with CysC overexpressing transgenic mice resulted in inhibition of Aβ deposition in the brains of double transgenic mice compared to AβPP single transgenic mice [21, 22] . This finding is in agreement with in vitro studies showing that CysC inhibits Aβ fibril formation [19] . Furthermore, in vitro studies have shown that CysC inhibits the formation of high molecular weight Aβ oligomeric assemblies ( [20] and our unpublished data). Senile plaques are one of the typical neuropathological features in the cortex and hippocampus of AD patients and are mainly composed of Aβ peptide in its fibrillar form. Aβ fibril formation is preceded by multiple conformational changes of intermediate Aβ species including trimer, pentamer, and higher molecular weight complexes. The intermediate Aβ species were found to be neurotoxic at lower concentrations than fibrillar Aβ, and their levels in the brain correlate better with the severity of cognitive impairment than does the density of plaque deposits (for review [32] ).
Here we demonstrate that human CysC binds to soluble Aβ in human brain and CSF. While the monomeric form of Aβ is absent and a stable CysC/Aβ complex is found in brains of nondemented individuals that do not have Aβ deposits, only the monomeric form of Aβ is found in AD brains. This suggests that the heightened tendency of Aβ to bind itself in AD brains competes with its binding to CysC. A similar competition between the binding of variant CysC to itself and its binding to Aβ was previously described. An L68Q substitution in CysC in patients with hereditary cerebral hemorrhage with amyloidosis, Icelandic type (HCHWA-I) [33] , causes CysC amyloid deposition in the CNS vasculature, resulting in cerebral hemorrhagic strokes [34] . In vitro studies have shown that while CysC forms concentrationdependentdimers, the HCHWA-I variant dimerizes at lower concentrations than the wild type protein [35] . Western blot analysis of brain homogenates prepared from transgenic mice expressing the L68Q variant of human CysC revealed a 14 kDa monomeric CysC and a CysC 28 kDa dimer [21, 22] . Overexpression of AβPP in transgenic mice overexpressing the L68Q variant CysC resulted in lower levels of the dimeric form of CysC compared to those in mice expressing only CysC [21, 22] . Consistent with the greater tendency of HCHWA-I CysC to dimerize than the wild type protein, the dimer was not observed in the brain of mice expressing the human wild type gene. The data suggest that self-aggregation of each polypeptide competes with the binding of one to the other.
Moreover, the CysC/Aβ complex was identified in centrifugation fractions that contain cellular membranes and intracellular compartments such as nuclei, large membrane fragments, and lysosomes. In vitro studies have shown that the binding of CysC to Aβ is concentration dependent [19] . High concentrations of both CysC and Aβ in intracellular vesicular compartments would support their binding. Immunohistochemical analysis of brain sections of AD patients and non-demented individuals revealed that the anti-CysC antiserum labeled neurons, astrocytes, and cells within the walls of large leptomeningeal vessels [15] . In particular, strong punctate immunoreactivity within the cytoplasm and neuronal processes was primarily limited to pyramidal neurons in cortical layers III and IV [15, 36] . Using an antibody specific to the carboxyl-terminus of Aβ 42 , punctate intracellular immunoreactivity was observed in the same neuronal subpopulation strongly stained for CysC [15] . This suggests that Aβ accumulates in a specific population of pyramidal neurons in the brain, the same cell type in which CysC is highly expressed. The accumulation of both polypeptides in neuronal vesicular compartments would support inter-molecular binding.
While a L68Q variant form of CysC forms amyloid deposits in the CNS of HCHWA-I patients [34] , the wild type protein is non-amyloidogenic. Both forms of the protein bind Aβ and inhibit Aβ aggregation and amyloid deposition [19] [20] [21] [22] . CysC is one of several proteins that are potentially amyloidogenic,but have direct physical interaction with Aβ when soluble. It was reported that gelsolin and transthyretin bind Aβ and inhibit Aβ fibril formation [37] [38] [39] [40] . Moreover, cellular prion protein was recently identified as a high-affinity cell-surface receptor for soluble Aβ oligomers on neurons and the interaction does not require the infectious prion conformation [41] . It remains to be determined whether the primary structure of amyloidogenic proteins modulates their interaction with each other, resulting in a defense mechanism against amyloidosis. We propose that CysC is a carrier of soluble Aβ and plays a role in inhibiting the aggregation of Aβ. Modulation of CysC concentration or the association between CysC and Aβ in the human CNS would prevent amyloid deposition by a mechanism similar to that in mouse models. Multiple studies have shown changes in CysC serum concentrations in a variety of conditions, including aging (for review [42] ). Changes in CysC concentrations were also observed in the brain in response to different types of injury, such as ischemia or induction of epilepsy (for review [16] ). Altered CysC trafficking and a reduction in its secretion are caused by two presenilin 2 mutations (PS2 M239I and T122R), linked to familial AD [43] . Moreover, the CST3 gene G73A polymorphism results in an amino acid change from Ala to Thr at the −2 position for signal peptidase cleavage, altering the hydrophobicity profile of the signal sequence [44] . This results in a less efficient cleavage of the signal peptide and thus a reduced secretion of CysC [45] [46] [47] . The decreased CysC secretion associated with the CST3 polymorphism suggests a mechanism for the high-risk of late-onset sporadic AD related to this polymorphism [16] . The inhibition of Aβ aggregation caused by binding of CysC to Aβ suggests a mechanism by which a reduced CysC brain concentration is associated with AD. Therefore, we hypothesize that endogenous CysC is a carrier of soluble Aβ in body fluids such as CSF and blood, as well as in the neuropil, where it plays an ongoing role in inhibiting the association of Aβ into insoluble plaques. Modulation of CysC levels and/or binding to Aβ may have important disease-modifying effect and provide an alternative entry point for novel therapeutic intervention for AD. Western blot analysis with anti-CysC antibody reveals SDS-stable CysC/Aβ complex in the cellular fraction of brain homogenates of neuropathologically normal controls. Brain homogenates from neuropathologically normal controls (C) and AD patients were centrifuged (soluble fraction, Sup 1). The pellet was extracted with 2% SDS and centrifuged (Sup 2). The pellet of the SDS extraction was dissolved in SDS-sample buffer (Sup 3). Arrowheads mark CysC monomer (14 kDa) and dimer (28 kDa) observed in urinary human CysC (uCysC) and the ~20 kDa complex is marked by an asterisk. Molecular weight markers are on the right. SDS-stable CysC/Aβ complex immunoprecipitated from the cellular fraction of brain homogenates of neuropathological normal controls. Soluble fractions (Sup 1) and SDS-soluble cellular fractions (Sup 2) of brain homogenates from neuropathological normal controls (C) and AD patients were immunoprecipitated with either anti-CysC or anti-Aβ antibodies and Western blotted with anti-CysC antibody. Arrowheads mark CysC monomer (14 kDa) and dimer (28 kDa) and the ~20 kDa complex is marked by an asterisk. Molecular weight markers are on the right. 
